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ABSTRACT
Effective stellar feedback is used in models of galaxy formation to drive realistic galaxy evolution.
Models typically include energy injection from supernovae as the dominant form of stellar feedback,
often in some form of sub-grid recipe. However, it has been recently suggested that pre-SN feedback
(stellar winds or radiation) is necessary in high-resolution simulations of galaxy evolution to properly
regulate star formation and properties of the interstellar medium (ISM). Following these processes is
computationally challenging, so many prescriptions model this feedback approximately, accounting for
the local destruction of dense gas clouds around newly formed stars in lieu of a full radiative transfer
calculation. In this work we examine high resolution simulations (1.8 pc) of an isolated dwarf galaxy
with detailed stellar feedback tracked on a star-by-star basis. By following stellar ionizing radiation
with an adaptive ray-tracing radiative transfer method, we test its importance in regulating star
formation and driving outflows in this galaxy. We find that including ionizing radiation reduces the
star formation rate (SFR) by over a factor of 5, and is necessary to produce the ISM conditions needed
for supernovae to drive significant outflows. We find that a localized approximation for radiation
feedback is sufficient to regulate the SFR on short timescales, but does not allow significant outflows.
Short and long range radiation effects are both important in driving the evolution of our low-metallicity,
low-mass dwarf galaxy. Generalizing these results to more massive galaxies would be a valuable avenue
of future research.
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1. INTRODUCTION
Historically, simulations of galaxy formation have suf-
fered from the “overcooling” problem, whereby the ac-
tion of self-gravity and radiative cooling alone produces
galaxies with far too many stars. This problem has been
addressed by employing various models of strong stellar
feedback physics which are capable of generating self-
regulating star formation in galaxies (see Somerville &
Dave´ (2015) and Naab & Ostriker (2017) for recent re-
views). Energy injection from supernovae (SNe) has his-
torically been used as the sole form of feedback. How-
ever, this is generally done heuristically as many sim-
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ulations lack the ability to resolve the Sedov phase of
individual SNe. But even with this strong feedback, re-
cent work has argued for the need for pre-SN feedback,
from stellar winds and/or stellar radiation (e.g. Hu et al.
2016; Hopkins et al. 2018), though this is typically mod-
eled simply as additional energy injection around newly
formed stars. The need for additional feedback is con-
firmed by simulations that are capable of fully resolv-
ing individual SN (e.g. Peters et al. 2017; Smith et al.
2018a,b; Hu 2018). However, modeling these processes
in detail is challenging, and their competing effects on
galactic evolution are poorly constrained.
Radiation from massive stars dominates the total feed-
back energy output of a stellar population (e.g. Abbott
1982; Leitherer et al. 1999; Agertz et al. 2013), surpass-
ing the energy ejection of supernova (∼ 1051 erg) by
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two orders of magnitude. If radiation couples effectively
to the interstellar medium (ISM), it can be a substan-
tial source of additional feedback. Simulations includ-
ing stellar radiation feedback followed through radiative
transfer or radiation-hydrodynamics schemes have found
it to be effective in regulating star formation and driving
galactic winds (e.g. Wise et al. 2012; Kim et al. 2013;
Sales et al. 2014; O’Shea et al. 2015; Rosdahl et al. 2015;
Pawlik et al. 2015; Ocvirk et al. 2016; Peters et al. 2017).
This occurs in four ways: 1) heating of diffuse gas and
preventing the formation of cold, dense star formation
regions, 2) destruction of cold, dense gas around recently
formed stars, preventing further star formation, 3) mo-
mentum input by direct absorption of UV radiation by
gas and (in some cases) dust through re-emission and
scattering in the infrared, and 4) lowering the typical
ISM densities in which SNe occur and greatly increas-
ing their effectiveness.
However, most works that employ stellar radiation
feedback to account for these effects do so using various
forms of sub-grid, approximate models to avoid the sub-
stantial additional cost of full radiative transfer. Many
works use a Stro¨mgren approximation whereby the par-
ticles / cells within the Stro¨mgren radius around a radi-
ating star are heated and kept ionized, with additional
approximations made to account for overlapping ionized
regions (e.g. Hopkins et al. 2011; Hu et al. 2016, 2017).
Other works employ some form of energy or momentum
injection localized to the region immediately around a
star particle (e.g. Agertz et al. 2013; Rosˇkar et al. 2014;
Ceverino et al. 2014; Forbes et al. 2016). Although some
of these approximate methods account for long-range ef-
fects of diffuse radiation (Hopkins et al. 2012, 2018) most
cases treat local radiation only, confined to energy or
momentum injection in a limited physical region around
a star particle. This is done both because the local de-
struction of dense clumps of gas around newly formed
stars is commonly believed to be the dominant impact of
stellar radiation feedback and because it is computation-
ally less expensive to implement. The role of long-range
stellar radiation, once ionizing photons break out of star
forming regions, is not well characterized. Indeed it re-
mains to be seen if modeling only the short-range effects
of stellar radiation feedback is sufficient.
In this work we use a detailed model for stellar feed-
back presented in Emerick et al. (2018) (hereafter Pa-
per I) to study the role of radiation feedback in dwarf
galaxy evolution. For the first time in a galaxy-scale
simulation, we resolve individual HII regions using an
adaptive ray tracing radiative transfer method to follow
the ionizing radiation from particles that represent indi-
vidual stars. We focus on addressing two questions: 1)
what role does radiation feedback play in regulating star
formation, and 2) are the long-range effects of radiation
feedback important, or is the local destruction of dense
gas the dominant effect.
To investigate these questions, we compare three sim-
ulations of the evolution of an isolated, low mass dwarf
galaxy. Our fiducial model, containing full stellar radia-
tion feedback, is compared against a run without ioniz-
ing radiation feedback, and a run with ionizing feedback
limited to the local region around a given star. We dis-
cuss our methods in Section 2 and present our results
ion Section 3.
2. METHODS AND INITIAL CONDITIONS
We refer the reader to Paper I for a more detailed de-
scription of our methods. We use the adaptive mesh re-
finement hydrodynamics code Enzo (Bryan et al. 2014)
to evolve an idealized, isolated low mass dwarf galaxy.
The galaxy is initialized as a smooth exponential disk set
in hydrostatic equilibrium with a static dark matter po-
tential (Burkert 1995) with Mgas = 2×106 M, Zgas =
4× 10−4, radial and vertical gas scale heights of 250 pc
and 100 pc respectively, and Mvir = 2.48× 109 M, on
a grid with a maximum physical resolution of 1.8 pc.
We include no initial stellar population, but do include
random driving from supernovae as an initial source of
feedback up until the onset of star formation.
We include a UV background, tabulated metal line
cooling, and a 9 species non-equilibrium chemistry solver
using Grackle (Smith et al. 2017). Star formation oc-
curs stochastically in cold, dense regions (n > 200 cm−3,
T < 200 K) by sampling a Salpeter (1955) IMF from
1 M to 100 M and depositing individual star particles
over this mass range. We include feedback from stellar
winds, AGB winds, FUV and LW band radiation which
drives photoelectric heating and H2 dissociation respec-
tively, HI and HeI ionizing radiation, and core collapse
and Type Ia SNe using thermal energy injection. FUV
and LW band radiation are both taken to be optically
thin, with local (cell-by-cell) attenuation alone. Ioniz-
ing radiation is followed using radiative transfer, as dis-
cussed below. Stellar lifetimes, surface gravity, effective
temperature, and radii are set by the initial stellar mass
and metallicity through interpolation over the PARSEC
(Bressan et al. 2012) zero age main sequence values.
These properties are used to set the FUV, LW, and ion-
izing photon fluxes from each star through interpolation
on the OSTAR2002 (Lanz & Hubeny 2003) grid. We
only model the radiation from stars with masses above
8 M.
Our fiducial simulation follows photoionizing radia-
tion using the adaptive ray-tracing radiative transfer
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method of Wise & Abel (2011). This method places and
evolves 48 rays on a HEALPix grid around each emit-
ting source star for both HI and HeI ionizing radiation.
Rays are adaptively split as they propagate away from
their source to increase the angular resolution such that
the solid angle of the ray remains smaller than 1/3 of
the cell area. Rays begin on HEALPix refinement level
2, with a maximum refinement level of 13. We include
radiation pressure on hydrogen, but do not investigate
its importance in this work (see Krumholz 2018, and
references therein).
We additionally present a simulation run without any
stellar ionizing radiation (“noRT”) and a second sim-
ulation that includes ionizing radiation, but deletes all
photons that travel more than 20 pc from their source
(“shortrad”). This second simulation tests the relative
importance of short-range vs. long-range effects of stel-
lar ionizing radiation as a form of feedback. Although
this is still more accurate than an approximate method,
this is meant to function similarly to methods that in-
clude only the local effects of stellar radiation feedback.
Each of our three simulations is identical up until the
formation of the first star particles.1
As shown in Paper I, the maximum densities reached
in these simulations is below 103 cm−3. Our inabil-
ity to resolve the high densities in star forming re-
gions (∼ 105 cm−3) means that we likely underestimate
initial photon absorption and overestimate the initial
long-range effects of newly formed stars. However, in
the Milky Way, newly formed O stars have been ob-
served to spend no more than 10 – 20% of their main
sequence lifetimes embedded in ultracompact HII re-
gions within dense molecular clouds (Wood & Church-
well 1989). This short dispersal timescale agrees with
high resolution simulations of massive star formation
(e.g. Peters et al. 2010; Dale et al. 2014; Kim et al. 2018).
Therefore, we do not consider our neglect of this phase
to be likely to lead to substantial errors at the galactic
scale.
3. RESULTS
1 We note that the stars from the very first star formation event
in each run (21 star particles with a total mass of 114 M) are
the same. Of these, one particle emits ionizing radiation (M∗ >
8 M). The sampled stellar masses differ across runs after this
point. Stochastic effects from differences in IMF sampling may
be important in the regime of low mass, low SFR dwarf galaxies.
Multiple re-simulations of identical initial conditions may result
in significant scatter in their final properties (Keller et al. 2018).
We find our main conclusions are likely to be insensitive to these
stochastic variations, as we find that the total radiation output
across multiple re-samplings of a fixed star formation history is
small after the IMF is fully sampled.
We compare the resulting star formation rate (left)
and gas mass properties (right) of our three simulations
in Figure 1. There is a clear, significant contrast between
the runs with and without ionizing radiation. Stellar
ionizing radiation leads to a factor of ∼ 5 reduction in
the resulting SFR, as compared to the noRT run. Since
the shortrad and fiducial simulations are so similar over
the first ∼ 100 Myr, it is clear that stellar radiation acts
to significantly reduce the local star formation efficiency
around young, massive stars. Radiation from these stars
quickly ionizes and dissipates surrounding dense gas that
would otherwise have gone to fuel a significant amount of
additional star formation. This is confirmed in Figure 2,
which shows the gas mass in each simulation above the
SF density threshold of n = 200 cm−3 during the first
100 Myr. While our fiducial and shortrad simulations
remain roughly the same here, the noRT run, at its peak,
has an order of magnitude more cold, dense gas. 2
Looking again at the first ∼100 Myr of simulation
time, the effects of ionizing radiation beyond our 20 pc
cutoff radius are not significant. However, these two
simulations begin to diverge after this point. The short-
rad simulation has continual, steady star formation for
the entire simulation time, while the star formation rate
in our fiducial run is bursty, with periods of active, low-
level star formation interspersed with periods of no star
formation. The driver of these differences is clear in the
right hand panel. Our fiducial run loses a factor of ∼ 2
more total gas and HI mass (orange and blue lines) as
compared to the shortrad simulation. Clearly, galactic
winds and outflows are much more effective in with full
accounting of stellar ionizing radiation feedback.
This can be confirmed by examining the metal reten-
tion fraction (the fraction of produced metals retained
within the disk of the galaxy) and mass outflow rates
across simulations. As shown in Figure 3, the mass out-
flow rate in the fiducial run peaks at an order of mag-
nitude higher at 0.25 Rvir than the shortrad simulation,
declining only due to a comparative drop off in star for-
mation. The outflow in noRT is only a factor of a few
lower than the fiducial run, but it requires a five times
higher supernova rate in this simulation to match the
same outflow seen with full stellar radiation feedback,
so it implies a far lower mass loading factor. Because
of this difference in SFR, the differences across simula-
2 We are unable to follow the long-term evolution of the noRT
galaxy due to computational constraints. Although radiative
transfer itself is computationally expensive, this run is substan-
tially more costly due to a lower typical timestep and increased
cost in computing the optically thin radiation effects (photoelec-
tric effect and LW dissociation) for the additional star particles.
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Figure 1. The star formation rate (left) and gas and stellar mass (right) of each of our three simulations over time. Time bins
with no star formation are left empty.
Figure 2. The total gas mass at n > 200 cm−3, our star
formation density threshold.
tions are more significant for our computed mass loading
factor
η =
M˙out
< SFR >100Myr
. (1)
The brackets indicate time averaging over 100 Myr.
While the fiducial run reaches a peak η of a few hun-
dred, shortrad is consistently an order of magnitude or
more below this. The noRT simulation is even lower.
The fiducial run is also the only one of the three with
any significant outflow beyond the virial radius. We
conclude that radiation feedback allows SNe to be sub-
stantially more effective in driving outflows.
4. DISCUSSION
Accounting for feedback from stellar radiation plays a
significant role in determining the ability for SN energy
to couple to the ISM and therefore drive outflows. We
believe this work is novel in examining the importance
of localized ionization vs. ionization from a diffuse ra-
diation field far from a single star. Modeling only local
stellar ionizing feedback is insufficient to describe the
long-term evolution of an isolated dwarf galaxy. To ex-
plore the cause of this difference we compare in Figure 4
and Figure 5 the gas number density (left), tempera-
ture (middle), and hydrogen ionization fraction (right)
in edge-on slices in each of our simulations at two dif-
ferent times.
Figure 4, at 17 Myr, compares each simulation just
after the first few SNe. Already there are significant
differences between the runs. Gas outside the galaxy is
warm (∼ 104 K) and ionized up to ∼500 pc above/below
the plane of the disk in our fiducial run. This same
gas is cold (< 104 K) and neutral in both other runs.
The contrast between the effect of ionizing radiation in
the fiducial and shortrad runs is seen most clearly in
the ionized region in-plane and to the right of center.
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Figure 3. Left: The fraction of metals contained within the ISM of each galaxy (blue) and the fraction ejected beyond the
virial radius (orange). As in Figure 1, the fiducial run is given as solid lines, while the noRT and shortrad are dash-dotted and
dashed respectively. Middle: The mass outflow rate for each run at 0.25 Rvir (solid) and Rvir (dashed). Right: The mass
loading factor η calculated as the outflow rate divided by the SFR averaged over 100 Myr. Inclusion of diffuse ionization makes
an order of magnitude difference in η in this case.
This region contains massive stars that are capable of
generating enough ionizing radiation to carve a channel
out to the halo of our fiducial simulation; this does not
occur in the shortrad case. Instead, the HII region is
confined by surrounding cold, neutral gas.
Although the ISM properties within the HII region in
each case are quite similar between the simulations, the
SNe that eventually go off in this region are confined by
the neutral gas in the shortrad simulation, but readily
escape through the lower density ionized gas into the
galaxy halo in our fiducial case. As these simulations
evolve, the existence of these diffuse, ionized channels
in the fiducial run easily allow continual and significant
outflows from SNe, as shown in Figure 5, which shows
each simulation 40 Myr after the formation of the first
stars. In contrast, the same SNe in the other two simula-
tions are well contained, surrounded by shells of denser,
neutral gas. Though they make an important local im-
pact on the ISM, they are unable to drive significant
mass loss from the galaxy. In the noRT case, an out-
flow does eventually develop, but it takes a factor of five
increase in SFR, and a corresponding increase in super-
nova rate, for SNe to finally break out from the neutral
gas surrounding the galaxy.
As shown in Figure 3 the differences in ionization
structure and its effect on galactic winds has direct con-
sequences for the chemical evolution of our dwarf galaxy.
The winds in our fiducial simulation carry nearly all of
the metals produced out from the disk of our galaxy.
This is the only run in agreement with observations of
Local Group dwarf galaxies, both dSph’s (Kirby et al.
2011) and the gaseous, star forming Local Group dwarf
galaxy Leo P (McQuinn et al. 2015), with metal ejec-
tion fractions of up to 95%. This is in stark contrast to
the ∼30% retention fraction in our shortrad simulation.
This would also influence the chemical enrichment of
neighboring galaxies, given the significant differences in
metal ejection past the virial radius between these two
runs. Clearly the effects of feedback on observable chem-
ical properties of galaxies is a key discriminator among
models.
These results show that long-range ionization effects
are an important consideration in models of stellar feed-
back. However, further study is warranted of how this
effect can be approximated without resorting to full ra-
diative transfer calculations. Approximate, Stro¨mgren-
like feedback models that allow for ionization far from
a single source (e.g. Hopkins et al. 2018) may be suffi-
cient to capture the effects shown here. Fully localized
methods, or methods which set a maximum for the ion-
ization radius may underestimate galactic wind proper-
ties in dwarf galaxies. In addition, both methods are
mass biased (see the discussion in Hu et al. 2017), pref-
erentially over-ionizing dense gas that would otherwise
be missed by photons leaking through channels carved
through lower-density gas. These remaining uncertain-
ties motivate a continued examination of the feedback
prescriptions adopted in high resolution simulations of
galaxy evolution.
5. CONCLUSION
In agreement with previous work we find that (local)
stellar radiation feedback is effective in regulating star
formation, but that non-local ionizing radiation is key
for driving outflows in our simulations of an isolated,
low mass, dwarf galaxy. Simulations run without ioniz-
ing radiation feedback have star formation rates a factor
of five higher than our fiducial simulation. Despite the
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Figure 4. Edge-on slices of each simulation showing gas number density (left), temperature (middle), and hydrogen ionization
fraction (right) 17 Myr after the formation of the first star in each run. Each panel is 4 kpc x 4 kpc. The full movie of this
evolution is included for further clarification of the comparison between this figure and Fig. 5.
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Figure 5. Same as Figure 4, but at 40 Myr.
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lower rate, SNe in our fiducial run are capable of driv-
ing larger galactic outflows, aided significantly by the
ionizing radiation feedback.
We demonstrate for the first time that simple pre-
scriptions of local stellar radiation feedback fail to re-
produce the evolution of our fiducial model. Our sim-
ulation with radiation localized to 20 pc around each
star particle does effectively regulate star formation on
short time scales, predominately by quickly destroying
cold, dense gas around young, hot stars. However, this
model does not drive the significant outflows seen in
our fiducial simulation. Long-range ionizing radiation is
important for carving channels allowing the ejection of
significant amounts of mass and metals from the SNe.
Our simulation with localized radiation feedback retains
a significantly higher fraction of metals than expected
observationally for low mass dwarf galaxies.
Finally, we note that we have performed this experi-
ment on only one possible type of galaxy. Its low virial
temperature (∼ 104 K) makes this galaxy particularly
sensitive to the effects of stellar feedback, and ionizing
radiation in particular. Examining the role of long-
range, diffuse stellar ionizing radiation on star forma-
tion and galactic winds in more massive galaxies is an
important avenue of future research.
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